Study Design. Retrospective study. Objective. To investigate whether clivodens angle (CDA) could diagnose basilar invagination (BI) at computed tomography (CT). Summary of Background Data. Over the years, multiple craniometric methods such as Chamberlain line, McGregor line, McRae line, Wackenheim clivus baseline, and Welcher basal angle have been described for evaluation of craniovertebral junction anomalies, initially with radiography and later with CT. However, such a variety of measurements in turn reflects the difficulty in making a definite diagnosis of BI and there is a certain disadvantage in all of these criteria because the anatomic landmarks vary within a normal range. Methods. CDA, described an angle formed at the intersetion of a line that runs along the long axis of the clivus and one that runs along the long axis of the dens, was measured on midsagittal reconstructed CT images from 63 BI patients and 100 control participants to compare the two groups by using independent-sample t test. Interobserver reliability was evaluated with Kendall correlation coefficient. For evaluating the diagnostic performance and determining the cutoff value of CDA, receiver operating characteristic curve was utilized. Results. The measurement of CDA showed good interobserver agreement (KCC ¼ 0.891). Compared with control participants whose mean value was 135.8 degrees AE 9.2 (range, 118-1568), BI patients had a significantly smaller one (P < 0.001), 110.4 degrees AE 15.8 (range, 55 -1408). The area under receiver operating characteristic curve was 0.937 (95% confidence interval: 0.901, 0.973), and the cutoff value of 125 degrees had the largest Youden index (J), 0.715. Conclusion. Having a better diagnostic performance than clivoaxial angle, CDA can be utilized for diagnosing BI.
B asilar invagination (BI), congenital or acquired (basilar impression), characterized by an abnormally high vertebral column protruded into the skull base, is a common deformity of the craniovertebral junction (CVJ). [1] [2] [3] [4] [5] In patients with BI, the autonomic center may be compromised by the upward dislocated skeletal structures, leading to labile blood pressure, arrhythmia, and even sudden death. [1] [2] [3] 6 Thus, an accurate and reliable method for establishing diagnoses is needed to determine a timely and appropriate treatment for this patient population.
Over the years, multiple craniometric methods such as Chamberlain line, McGregor line, McRae line, Wackenheim clivus baseline, and Welcher basal angle have been described for the evaluation of CVJ anomalies, initially with radiography and later with computed tomography (CT). [1] [2] [3] [4] 6, 7 However, such a variety of measurements in turn reflects the difficulty in making a definite diagnosis of BI and certain disadvantages exist in all of these criteria because the anatomic landmarks vary within a normal range. Even the most widely accepted criterion, Chamberlain line (CL), defined as protrusion of the odontoid tip > 2.5 mm above the line drawn from the posterior pole of the hard palate to the opisthion, may be met by a large proportion of normal population during our clinical practice, suggesting that it may lead to a high false positive rate and many unnecessary advanced imaging examinations performed. And this assumption was verified by some studies after a review of the literature. [8] [9] [10] On midsagittal reconstructed CT image, a very wide angle between the civus and dens can be revealed in normal participants, but it may be usually extremely sharp in BI patients from subjective vision. Thus, being different from clivus canal angle or clivoaxial angle (CXA), defined as the intersection of Wackenheim clivus baseline with a line drawn along the posterior surface of the axis body and odontoid process, 11, 12 we described an angle formed at the interaction of a line that runs along the long axis of the clivus and one that runs along the long axis of the dens as 
MATERIALS AND METHODS
This retrospective study had received the institutional review board approval, and was performed from January 1, 2015 to August 1, 2015 with waiver of informed consent.
Study Population
The study group consisted of patients diagnosed as BI in our institute, who present clinical manifestations of brainstem dysfunction and/or lower cranial neuropathies, and protrusion of the odontoid tip >2.5 mm above Chamberlain line on CT image. Patient selection was performed in our departmental electric report database search engine by searching on the keywords ''basilar invagination'' in Chinese, and 77 patients were identified. Cases were then excluded for the following reasons: accompanied by os odontoideum, 2 only CT images after anterior 2 
Image Analysis
In each patient, CT examination was performed using a multidetector CT scanner (Somatom Definition CT 2012, Siemens Medical Solutions) (tube voltage, 120 kVp; tube current-time product, 80 mAs) with 1 mm slice thickness and 0.7 mm increment. Multiplanar reconstruction images were generated on the basis of initial transverse image data transferred to an offline workstation (syngo MMWP version 2008A, Siemens Medical Solutions) with 1.5 mm section thickness and 1 mm reconstruction interval, and midsagittal CT image was reconstructed at 90 degrees to a line between occipital condyles from both transverse and coronary images.
CL, CDA, and CXA were measured on midsagittal reconstructed CT images of all 163 participants by an investigator (S. X., resident, with 2 yrs of experience in CVJ image), blinded to their demographics and clinical history in a random order. First, an attempt was made to identify the following anatomical landmarks: clivus, dens, basion (the ventral margin of foramen magnum), and opisthion (the dorsal margin of foramen magnum)( Figure 1 ). Then, imaged the axis of the clivus and dens, respectively, and measured and recorded the value of CDA between the two axes ( Figures 2-4 ). CL and CXA were measured as described in the literature. 3, 10, 11 Interobserver Reliability
To evaluate interobserver reliability, an independent radiologist (R.G., with >20 yrs of experience in CVJ image), blinded to the measuring results of the first investigator, repeated the measurements of CDA and CXA in the first 50 BI patients.
Statistical Analysis
Sex and age were compared between the study and control participants by using Mann-Whitney U test and x 2 test, respectively. Interobserver reliability was evaluated by using Kendall correlation coefficient (KCC), interpreted as follows: 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement; 0.81-1.00, almost perfect agreement. Independent-sample t test was utilized for comparing the mean values of CDA and CXA of the two groups. For evaluating the diagnostic performance and determining the cutoff value of CDA and CXA, receiver operating characteristic (ROC) curve was utilized.
All reported P values were two-sided. A P value of less than 0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed by 
RESULTS
Both CDA and CXA were measured on midsagittal reconstructed CT images of all 163 participants. No significant difference was observed between the study and control participants in sex (P ¼ 0.864) or age (P ¼ 0.64). Chief complaints from patients in the study group and accompanied deformities in both groups were summarized in Tables 1 and 2 .
Analysis of CDA
There was a perfect agreement between the two investigators in the measurement of CDA (KCC ¼ 0.891).
The mean value of CDA was 135.8 degrees AE 9.2 (range, 118-1568) in the control group, and was 110.4 degrees AE 15.8 (range, 55-1408) in the study group ( Figure 5 ). Compared with control participants, patients with BI had a significantly smaller CDA (P < 0.001).
The area under ROC curve of CDA was 0.937 [95% confidence interval (CI): 0.901-0.973], and the cutoff value of 125 degrees had the largest Youden index (J), 0.715 ( Figure 6 ). Thus, a CDA value less than 125 degrees was suspected to be BI. Based on this cutoff value, the sensitivity (Se), specificity (Sp), positive predictive value (PPV), and negative predictive value (NPV) was 0.83 (52/63), 0.89 (89/100), 0.83 (52/63), and 0.89 (89/ 100), respectively. 
Analysis of CXA
The measurement of CL also showed a perfect agreement between the two investigators (KCC ¼ 0.855).
The mean value of CXA was 149.6 degrees AE 8.7 (range, 129-1718) in the control group, and was 127.1 degrees AE 14.9 (range, 84-1588) in the study group. Compared with control participants, patients with BI had a significantly smaller CXA (P < 0.001).
The area under ROC curve of CXA was 0.916 (95% CI: 0.868-0.964), and the cutoff value of 140 degrees had the largest Youden index (J), 0.705 ( Figure 6 ). Thus a CXA value less than 140 degrees was suspected to be BI. Based on this cutoff value, the Se, Sp, PPV, and NPV was 0.82 (52/63), 0.88 (88/100), 0.81 (52/64), and 0.88 (88/99), respectively.
Analysis of CL
The mean value of CL was À1.0 mm AE 4.1 (range, À6.6-8.3 mm) in the control group. Among which, 21 participants had a CL value of not less than 2.5 mm.
DISCUSSION
An ideal imaging method should have a high Se to detect the vast majority of patients with BI, and a high PPV to avoid performing too many unnecessary advanced imaging examinations. Besides, a high Sp and NPV is also desirable, so that a negative finding of a subject can reliably suggest the absence of BI. MRI appears to meet these requests, considering its high soft tissue resolution, multiple direction and sequence imaging. Unfortunately, it is impractical and prohibitively expensive to perform for the evaluation of every patient present with limb numbness or weakness, the most common chief complaints from the study group, especially in undeveloped areas. Thus, by using CT, a widely used and relative economic imaging modality, we performed this study to seek a criterion that could combine a high Se and a high PPV.
As a complex transition between the skull and the upper cervical spine and the most mobile section of the axial skeleton, CVJ performs a variety of functions, which can be divided into a central pillar consisting of the clivus and dens, and a two-tiered ring comprising the foramen magnum and atlas. 3, 13, 14 The central pillar serves as a rotation axis, whereas the two-tiered ring accounts for both rotary motion and weight bearing. As the atlas carrying the head sits on the axis, the weight is borne on the upper cervical spine through the lateral atlantoaxial joints, consisting of the inferior facts of the lateral masses and the superior facets of the axis. 14 Given that the lateral atlantoaxial joints are located in front of the two-tiered ring, almost laterally to the dens, it is not difficult to understand that the dens moves parasynchronously as the joints dislocate. Therefore, the central pillar can be regarded as the main victim of head weight on a sagittal view in BI patients, and both the clivus and dens dislocate more superiorly than the two-tiered ring. Thus, it appears to be a good method to measure the distance of the central pillar relevant to a relatively fixed anatomic landmark for revealing its superior dislocation. Indeed, many landmarks have been described, such as Chamberlain line, McGregor line, and McRae line mentioned above, which necessitates identification of the opisthion or the lowest point of occiput, two distinguishable landmarks. Unfortunately, Phillips 2 considers as arbitrary any criterion of BI based on Chamberlain line because the opisthion can not maintain its location alone in an altered skull base, so does the lowest point of occiput. And our results showed that, up to 21 normal participants had a CL value of not less than 2.5 mm among the normal control group. Apart from the changes in the relative location of central pillar to other anatomical landmarks, autologous deformation of this pillar also can be clearly revealed on midsagittal reconstructed CT image, among which clivus upward tilt, leading to clivus-odontoid articulation, is the most apparent at first glance. In fact, clivus canal angle or clivoaxial angle (CXA), defined by the intersection of Wackenheim clivus baseline drawn along the posterior surface of the clivus with a line drawn along the posterior surface of the axis body and odontoid process and ranges from 150 to 180 degrees, has been described to evaluate this deformity.
11,12
But we have some questions about this measurement, as the posterior surfaces of the clivus and the axis are not perfectly flat planes, especially when bony erosion, osteophytes or skeletal flexion (dens retroflexion) encountered, leading to unreliable measuring results. In addition, the posterior surface of the axis cannot be accurately defined in patients with retroflexed dens, which is not infrequently encountered. Thus, we described an angle formed at the intersetion of a line that runs along the long axis of the clivus and one that runs along the long axis of the dens as Clivodens angle (CDA), and to date, had not been reported in the literature. As retroflexed dens is often encountered in BI patients (Figure 3) , we should emphasize that CDA is composed of the axis of the clivus and the dens, not the second vertebral body.
In this study, multidetector CT scanning combined with MPR technique allowed the depiction of skeletal CVJ structures with good image quality and low observer variability. Because both the axis of the dens and the posterior surface of the axis body and odontoid process cannot be identified, patients with os odontoideum were excluded from the study group. And atlas occipitalization was the most common accompanied disorder, which was encountered in up to 40 patients with BI. Among the 30 BI patients accompanied by atlantoaxial subluxation, 29 were associated with atlas occipitalization, indicating that patients with atlas occipitalization seem to be more vulnerable from atlantoaxial subluxation. And the remaining one patient was associated with C2-C3 assimilation. In addition, altogether up to 11 were found to be accompanied by all the three skeletal disorders, prompting the relevant relationships among them.
In this study, both CDA and CXA values were obtained from all 163 participants. Compared with CXA whose area under ROC curve was 0.916 (95% CI: 0.868-0.964), statistical analyses showed that CDA had a larger one, 0.937 (95% CI: 0.901-0.973). Although not statistically significant, CDA did can provide useful information for assessing CVJ anomalies, and a value of less than 125 degrees was suspected to be BI. Then MRI should be performed subsequently to demonstrate the pathological changes of neural tissues, according which treatment planning is made. It is worth mentioning that in all the 11 patients having a false negative result, the odonttoid tip was measured to protrude Chamberlain line more than 2.5 mm, indicating CDA can be combined with Chamberlain line during clinical practice. To investigate the diagnostic performance of this combination, a future study is required. Different from previous literature, 11 the mean value of CXA in this study was 149.6 degrees AE 8.7, ranging from 129 to 171 degrees. A future study also is needed to interpret this apparent difference.
Our study had several limitations. First, patients with os odontoideum were excluded from the study group, because the dens could not be accurately recognized. To determine the pathological changes of the brainstem and lower cranial nerves, MRI has to be performed. Second, atlantoaxial subluxation was revealed in 30 participants in the study group, which may results in a false positive result as a posteriorly dislocated dens can sharp the CDA. Given that patients with atlantoaxial subluxation usually present moderate-to-sever ventral brainstem compression and necessitate surgical intervention, this diagnostic error seems to be a good guy. Even so, a future study is required to evaluate the diagnostic performance of CDA in this patient population. Finally, flexion and extension both occur at the occipitoatlantal and the atlantoaxial joints, which account for 25% of the total movement. 13 It means that the CDA value may be variant as the occipitoatlantoaxial being in different positions. Although all the patients were in recumbent position without pillow during CT examination, this diagnostic error did exist.
In conclusion, having a better diagnostic performance than CXA, CDA can be utilized for diagnosing BI.
Key Points
After several decades of utilization, multidetector CT has become the most commonly used imaging modality for determining skeletal anomalies of the CVJ because of its high spatial resolution and r a p i d d e v e l o p m e n t o f p o s t p r o c e s s i n g imaging techniques.
In basilar invagination, skeletal anomaly mainly involves the pillar consisting of the clivus and dens, and both the clivus and dens dislocate more superiorly than the two-tiered ring comprising the foramen magnum and atlas. Measurement of CDA, described as an angle formed at the intersetion of a line that runs along the long axis of the clivus and one that runs along the long axis of the dens, at CT is reliable, which can be utilized for diagnosing BI.
